Introduction
Balance and gait impairments in older people increase the risk of falls, which are the leading cause of accidental death and injury-related visits to emergency departments [1] . Overall, fall-related injuries constitute a public health problem associated with high financial costs as well as human suffering. The extent of the problem will continue to expand as the number of older people is projected to increase dramatically over the next few decades [1] .
Thirty per cent of persons over 65 years old and 50% of persons over 80 years old experience at least one fall each year [2] . More than 90% of hip fractures occur as a result of falls [1] . One-quarter of older people who sustain a hip fracture die within 6 months of the injury. Hip fracture survivors experience a 10-15% decrease in life expectancy [3] . Most falls, however, do not result in significant physical injury or death, but the psychological impact of a fall can result in a fear of further falling, with an increased self-restriction of activities resulting in a decrease in physical and social activities, a greater risk of falling, and often leads to further dependence and a decline in overall quality of life [3] [4] [5] [6] .
Postural control is the foundation of our ability to stand and to walk independently. Deterioration in postural stability in older people may contribute to falls incurred during activities of daily life. Impaired balance has been correlated with an increased risk of falls [7] . Consequently, there is a crucial need to investigate postural instability in order to identify older people who are at risk of a falls-related injury or death, and to develop effective interventions for reducing balance impairment.
According to a logistic regression model, a score between 45 and 53 in the Berg Balance Test corresponds to individuals with a predicted probability of falling of between 20% and 75% [8] . A rational clinical approach for identifying fallers based on well designed studies was presented by the AGS/ BGS/American Academy of Orthopedic Surgeons (AAOS) [9] . The falls prevention guidelines recommend that all older persons should be asked at least once a year about falls. Those who report a single fall should be examined using the 'Get up and Go Test'. Those who demonstrate balance and gait abnormalities or who have recurrent falls should have a more comprehensive falls evaluation that includes: a detailed history of previous falls, current medication, co-existing medical conditions, mobility difficulties, and an adequate clinical examination to include assessments of vision, gait and balance, lower extremity joint function, mental status, neurological status and assessment of cardiovascular function [9] .
The present study aims to explore whether simple biomechanical tests can identify those older people who have fallen at least twice during the past 6 months, and to determine which parameter might prove most beneficial in identifying fallers.
Methods

Participants and design
One hundred and forty-three healthy volunteers aged 65 and over participated in an observational cohort study with retrospective documentation of falls. The subjects were tested in the biomechanical laboratory, and the clinical history including information on falls during the previous 6 months was collected by interview ( Table 1) . Nineteen of those subjects (mean age 78.4 ± 1.3 years old) reported having fallen at least twice during this time (fallers) and 124 subjects were defined as non-fallers (mean age 77.8 ± 0.53 years old).
Recruitment
The subjects were recruited from the community through advertisements. The volunteers were exposed to a brief interview before further testing to ensure they met the inclusion criteria of: (1) aged at least 65 years; (2) able to stand independently for 90 seconds; and (3) able to walk 10 metres (with a stick if needed). Exclusion criteria were: (1) serious visual impairment; (2) impaired cognitive status (score of less than 24 on the Mini Mental State Examination); (3) neurological disorders (stroke (cerebral vascular accident), Parkinson's disease, multiple sclerosis); and (4) previous lower limb surgery.
Volunteers who satisfied the interview, and who provided informed consent in accordance with the approved procedures by the Helsinki Committee (ethical review board) in Ben-Gurion University and Soroka Medical Center, Beer-sheva, Israel, were then included in the study.
The sample size estimation was based on data presented by Melzer et al. [10] . The number of subjects required to detect significant changes in stability parameters for older subjects compared with the values for younger subjects was estimated as 20 for each age group. The estimation was twosided. Based on data presented by Salva et al. [11] , 3.8% of men and 10.9% of women reported multiple falls, and Stalenhoef et al. [12] reported recurrent falls occurring in 19% of elderly subjects. Therefore, it was estimated that 10-20% of volunteers would report at least two falls, and that a sample size of 150 would produce an actual group of 15-30 fallers. We were able to recruit 143 older people in a 2-year period.
Multiple fallers were chosen because: (1) one unexpected fall can be a random event that does not reflect a balance disorder; (2) two or more falls would be more appropriate/ Table 1 . Physical and medical characteristics of faller and non-faller groups (mean ± SEM) P value compares baseline using independent (unpaired) t-test. Mean ± SEM in the two groups, unless otherwise indicated (*P value based on chi-square). Nm = Newton metres. reliable for retrospective study, and this also enhances the difference between the two groups; and (3) multiple fallers show a significant increased mortality [13] .
Measurements
Subjects were instructed to stand as still as possible on a single forceplate (AMTI, Watertown, MA, USA), with their hands folded behind their back. Six stability tests were registered over a period of 20 seconds: (1) (2) same as (1a-c) performed in narrow stance (heels and toes touching). Centre of pressure (COP) data during the stability tests were sampled at a frequency of 100 Hz. The Limits of Stability Test was measured in wide [10] and narrow stance, with the subjects instructed to lean forward, backward, left and right as much as they could, without bending the hips or lifting the heels or toes off the ground. Subjects were able to practise several times before the actual test. Strength measurements were made by having the subjects achieve Maximum Voluntary Isometric Contraction (MVIC) for 5 seconds, in ankle plantar and dorsi flexors, and knee flexors and extensors on the dominant leg using isokinetic dynamometer (Biodex-system2; Shirlery, NY, USA). The peak torque of three trials was taken.
Static two-point discrimination (TPD) testing of the skin of the underside of the first toe was made using a discriminator. The subject's task was to determine whether one or two prongs were touching them. The smaller the distance between the prongs that the subject could detect, the more sensitive the sense of touch. The static TPD test evaluates the innervation density of the slowly adapting fibre. The subject's two-point value was that at which he gave two correct answers out of three. The static TPD test has been found to be a valid measure of functional sensitivity in the hand [14] , and a much greater variation was expected in the feet owing to variation in thickness of the skin.
Statistical analysis
The stability data were normally distributed (Shapiro-Wilks statistic). For each balance measurement, repeated measures analysis of variance (ANOVA) for the two groups (fallers versus non-fallers) and the six postural conditions was performed to assess the mean differences between the two groups in the following dependent variables: (1) COP path length; (2) COP velocities; (3) elliptical area; (4) medio-lateral (ML) sway; and (5) antero-posterior (AP) sway.
For the Limits of Stability Test, repeated measures ANOVA for the two groups (fallers versus non-fallers) and two postural conditions (narrow versus wide stance) was carried out to evaluate differences in maximum COP path length in AP and ML directions in centimetres.
To evaluate whether there were differences between the groups in muscle strength of the four lower limb muscles, repeated measure ANOVA (two groups × four muscle groups) was made to compare MVIC in Newton metres (Nm) .
TPD values of groups were compared using the Independent (unpaired) t-test. Chi-square test was used for categorical variables. The results are presented as mean ± SEM with a two-tailed probability of 5%.
Results
There were no significant differences in age, weight, height and foot length between fallers and non-fallers. Differences in the number of co-existent diseases, types of diseases (diabetes mellitus, hypertension) and number of medications reported by the fallers and non-fallers were not statistically significant; and the percentage of female fallers was not significantly higher than in the non-fallers group (Table 1) .
Wide stance
No significant differences were found between groups in postural stability in wide stance (Table 2A ), suggesting that testing in wide stance cannot detect differences in postural stability between groups. Table 2B shows significant differences between fallers and non-fallers in most COP-based measurements in narrow stance. Fallers had significantly higher COP path length, COP velocity and ML sway in the eyes open condition, compared with non-fallers (21.6%, 26.3% and 27.5%, respectively). When standing on foam, fallers had significantly higher elliptical area and ML sway compared with non-fallers (14.1% and 28.5%, respectively).
Narrow stance
With eyes closed, fallers had a significantly higher COP path length, COP velocity, elliptical area and ML sway (25%, 27%, 34.8% and 30%, respectively).
Multiple regression analysis revealed that those who had a higher ML sway had a three times higher risk of falling.
Limits of stability
AP displacement (cm) in wide stance was 11.5 ± 0.4 in nonfallers versus 9.4 ± 1.9 in fallers (P = 0.07), and 10.4 ± 0.4 versus 8.7 ± 0.8 (respectively) in narrow stance (P = 0.08). Non-significant differences were found in ML displacement (cm) in wide stance between non-fallers (15.2 ± 0.6) and fallers (13.7 ± 1.5) (P = 0.44) and in narrow stance (8.2 ± 0.3 versus 7.9 ± 0.6, respectively (P = 0.67)).
Lower limb isometric muscle strength
No significant differences were found in knee flexors, extensors and ankle plantar and dorsiflexors MVIC between fallers and non-fallers (Table 1) .
TPD
Fallers had significantly poorer two-point discrimination with a value of 14.93 ± 1.1 mm compared with 12.98 ± 0.3 mm in the non-fallers group (Figure 1 ).
Discussion
Falls prevention is an important part of health care of the elderly. An ability to identify older people who have fallen, and to identify the risk of future falls, is needed in order to target high-risk individuals for preventive intervention. An attempt was made to assess the ability of a simple biomechanical test to identify elderly fallers.
Nineteen out of 143 healthy elderly volunteers (13.3%) reported two or more unexpected falls during the past 6 months, 84.2% were female (compared with 73.4% female in the non-fallers group). Although intrinsic factors such as the number and type of co-existent disease and prescribed medications are reported to cause imbalance in the elderly [15] , no significant differences were found in the present study. The lack of a statistically significant difference probably reflects the small sample size that was based on stability parameters.
COP-based findings showed that testing balance in wide stance was insufficient to discriminate elderly fallers. However, those who experienced recurrent falls showed an imbalance in narrow stance. Brauer et al. [16] found that COP motion in wide stance, and limits of stability, had a poor ability to predict fallers. However, by not monitoring sway in narrow stance, the authors have lost much information that might have changed their conclusions. Control of lateral stability (ML sway) appears to be a major variable in narrow stance, and loss of this was associated with falling. Regression models show that older people with increased ML sway in narrow stance were three times more prone to falling than those who had a lower ML sway. Fallers in the study by Maki et al. [17] showed increased ML COP excursions in both spontaneous sway and, in the induced sway test, lateral spontaneous sway was the single best predictor of future falling. Also, Lord et al. [18] found that subjects Table 2 . Centre of pressure-based measures during wide base stance (feet apart) and narrow base stance (feet placed together) in three postural conditions (mean ± SEM) Non with a history of falls had increased ML sway in a neartandem stability test with eyes open and closed. Fallers also had poorer visual acuity, proprioception and quadriceps strength [18] . In a 1-year prospective study, Lord et al. [19] found that discriminant function analysis identified visual contrast sensitivity, lower limb proprioception, quadriceps strength, reaction time and sway on foam with the eyes open as the variables that significantly discriminated between subjects who experienced multiple falls and subjects who experienced one fall or less.
Maki et al. [20] claimed that one of the more pervasive effects of ageing is loss of cutaneous sensation, which appears to correlate with impaired postural control and an increased risk of falling. Plantar cutaneous sensation appears to play an important role in certain aspects of postural control [21, 22] . Fallers in the present study had higher TPD values on the underside of the first toe. It may suggest that reduced plantar cutaneous sensation contributes, in part, to the impaired balance. We can speculate that impaired plantar cutaneous sensation in older people would delay compensatory step or grasp reaction times when a fall is initiated, owing to impaired ability to sense the COP movement under the feet. Menz and Lord [23] found that subjects with a history of multiple falls had a significantly greater foot problem than did those who had not fallen or who had fallen only once. In an earlier study, Benjuya et al. [24] suggested that, owing to reduction in foot sensation, older people adapt ankle co-contraction strategy to control balance.
Lord and Dayhew [25] found that subjects with good vision in both eyes had the lowest rate of falls, whereas those with good vision in one eye only or poor vision in both eyes had higher rates of falling. Turano et al. [26] found that subjects who reported falling in the last year showed less visual contribution to postural stability than those who reported no falls. Results of the present study indicate that somatosensory input appears to be more important than vision for elderly fallers especially in challenging conditions (narrow stance), whereas COP path length with the eyes blindfolded (no visual input) compared with the eyes open, increased by 35.5% in the non-fallers group, which is similar to fallers (38.9%). However, narrow stance on foam (reduction in somatosensory input) showed a 33.2% increase in COP path length compared with narrow stance without foam in the non-fallers group and only 24.5% in fallers. These findings suggest that fallers are less influenced by a reduction in somatosensory input from the feet, suggesting that both proprioception and cutaneous inputs are impaired in elderly individuals who fall and that they are less likely to use somatosensory information. These findings might associate between peripheral neuropathies, balance deficits and falls in older people. Also, Lord and Webster [27] claimed that the greater dependence on visual information shown by fallers in their study might be the result of reduced proprioceptive and vestibular function resulting from increased age and chronic health problems.
Less obvious is the association between falls and muscle strength. The present study shows no significant difference in lower limb muscle strength between fallers and non-fallers (Table 1) . Similarly, Skelton et al. [28] found that 20 women with a history of falls were not significantly weaker compared with 15 women with no history of falls, apart from ankle dorsiflexion adjusted for body weight. The lack of a statistically significant difference between the groups may reflect the small sample size in both studies. However, Wolfson et al. [29] and Whipple et al. [30] found that both knee and ankle strength of fallers was significantly lower compared with non-falling subjects, with the ankles showing the greatest decrements.
In conclusion, there is evidence that simple, safe forceplate measurement of spontaneous postural sway can identify elderly individuals at risk of falls and can permit a possible application as a preliminary screening tool for the risk of falling. Further prospective research is under way to investigate whether simple biomechanical evaluation can predict future falls in older people.
Key points
• Balance testing in narrow stance is able to discriminate between older people who experience recurrent falls and non-falling elderly individuals.
• Findings show an increase in sway in narrow base stance, especially in a medio-lateral direction, in older people who experience recurrent falls.
• Two-point discrimination on the underside of the first toe appears to be impaired in older people who report two or more recent falls.
